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Abstract 
 
The purpose of this dissertation is to validate the k –ω turbulence model using the 
OpenFOAM software package. The validation process compares the results simulated 
through computational fluid dynamics (CFD) with theoretical or experimental data in 
order to check the ability of the model to reproduce physics. This will be done by using 
three different airfoils. An airfoil is the general name for the cross sections of profiles 
suited for wings, blades or sails. When a fluid passes from this profile, a force perpen-
dicular to the motion is generated (Lift) and a force in the direction of the motion 
(Drag). The effects of variations in angle of attack and Reynolds number on the lift and 
drag component will be investigate. The validation will happen by comparing the 
OpenFOAM output with the calculated data of the NREL and with the results of the 
XFOIL software.  
The decision was made to investigate S816 S817 and S1818, developed by the National 
Renewable Energy Laboratory (NREL). This family of thick laminar-flow airfoils was 
developed for 30 to 40 meter horizontal axis wind turbines (HAWT). The S816 is the 
primary airfoil, S818 the root airfoil, and S 817 the tip airfoil. [1] 
 
Benjamin Christiaens 
08/07/2012 
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1. Introduction 
The three dimensional analysis of a wind turbine can be done in various ways. In the 
earliest development of the analysis of rotors and propellers, the actuator disc model 
was created by Froude [2]. It represents the rotor as an permeable disc of zero thickness 
inside the flow domain. Later analysis lead to the famous Betz limit, that showed the 
maximum power that can be extracted by a turbine rotor. 
For practical prediction of the loads and performance of wind turbines, the blade ele-
ment momentum (BEM) theory is most commonly used. This theory, introduced by 
Glauert [3], divides the rotor blade span wise into a set of elements. These elements are 
assumed the to be independent from each other so that change of fluid momentum can 
be calculated for each element separately. On a real blade, the chord and twist change 
along its span. Prandtl has showed that two dimensional force data can be used for slen-
der blades, if the angle of attack is adjusted to the trailing vortices. [4] 
 
When simulating an experiment, it is questionable how far the results differ from the 
real values. F. Bertagnokio, et. al. of the RISO national Laboratory of Denmark [5] 
compared experimental results of many types of airfoils with numerically simulated 
data. The data was evaluated considering different criterion-values, that include the lift 
and drag coefficient values in different circumstances.  The study shows that the model 
can have a great impact depending on the type of airfoil, in particular the ones that are 
sensitive to the transition point location. This suggests that the location of the transition 
point, where a laminar flow goes into a turbulent flow, is influenced by some experi-
mental conditions such as background turbulence or surface roughness of these airfoils. 
In those cases, there is a need to develop  more sophisticated models. The existing mod-
els, that are performing well for a wide range of airfoils, should have a requirement in 
the algorithm to prevent deviations from these optimal operating conditions. 
In december of 2000 the same conclusion was reached in the national renewable energy 
laboratory. [6] This investigation involved various models of approximation ranging 
from simple BEM to full Navier-Stokes formulations. They compared these models at 
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zero yaw and at yawed operating conditions, and also found that large discrepancies can 
only be due to the limitations of input data and insufficient modelling assumptions. 
 
The presented study 
The aim of the study is to validate the k-ω model in OpenFOAM through investigation 
of the effects of variations in angle of attack and Reynolds number on the chosen air-
foils. OpenFOAM is a software package for computational fluid dynamics. CDF con-
sists of a set of methodologies that enable the computer to provide us with a numerical 
simulation of fluid flows. This is done because the equations that describe the flow of a 
fluid have an analytical solution in a very few specific cases. So there are only two solu-
tions: experimental and, like in this dissertation, computational methods.  
Figure 1-5 shows a schematic overview of the steps of the CFD analysis. In the diagram 
is indicated which steps were taken in this dissertation. The most important other meth-
ods will also be discussed briefly. The schematic is created to give an idea about the 
structure of CFD, and its most important components. This dissertation does not include 
the mathematical deduction of CFD methods, but it will only explain the basic thought 
behind them. A reference to the full explanation there will be given for every section. 
 
First the flow problem has to be analyzed. What is it that we want to investigate, how 
should our domain look like, what kind of geometry will we be working with,... Besides 
these obvious questions, the physical conditions have to be set too. These involve the 
flow characteristics, initial conditions and boundary conditions. The next step is to cre-
ate the mesh surrounding the geometry. This is one of the most important steps in the 
process, as it will determine the location of the grid points used in the numerical analy-
sis. That is why this grid should comply with severe requirements for the orthogonality, 
grid spacing, aspect ratio etc... Besides the grid, a simulation model has to be chosen 
depending on the choice of turbulence or chemistry model, and how accurate the model 
has to be. Then the model can be solved through the discretisation of the equations to 
basic algebraic operations applicable to the grid. After the simulation is done, the results 
have to be analyzed in the validation and verification phase. Here is checked if the right 
decisions were made during the previous steps. This happens most often thought exami-
   -13- 
nation of the residuals. Is the result in not as expected, the parameters have to be 
changed, and the simulation has to be run again. When an acceptable result is achieved, 
the output can be post-processed to investigate the desired flow data. 
 
The software package used is OpenFOAM. OF is a free open source CFD software 
package written in C++. It is gaining interest because of its wide adaptability. The code 
is designed highly modular. Every case consists of a collection of functionalities (nu-
merical methods, boundary conditions, meshing,...) that are compiled into their own 
library. The executables are simply linked to these libraries. Users can modify these 
libraries freely, and even create their own solvers. 
Once an acceptable model of an airfoil is achieved, the results can be compared to the 
official data of NREL. 
 
The airfoils that were chosen for the validation are the S816 S817 and S818. This fam-
ily of thick airfoils is developed by NREL for HAWT with blade lengths ranging from 
30 to 40 meters. The S816 is the primary airfoil at 75% of the total blade length. This 
airfoil with the tip airfoil S817 (at 95% of the blade length), have a restricted maximum 
lift coefficient of 1, in contrast with the S818 at the root which is designed to have a 
maximum lift coefficient. Figure 1.1 shows the section of a 30 m long blade between 
the root airfoil at 40% of the total length and the tip airfoil. 
 
Figure 1-1 Wing section between 40% and 95% of the total length 
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Figure 1-2 S816 Airfoil with thickness 21% of the chord 
 
Figure 1-3 S817 Airfoil with thickness 16% of the chord 
 
Figure 1-4 S818 Airfoil with thickness 24% of the chord 
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Figure 1-5 Overview CFD procedure 
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2. Theoretical background 
Flow over the blades of a wind turbine is a lot higher in  the streamwise direction as in 
the spanwise direction. This allows two dimensional aerodynamic models to give an 
accurate description of the behavior of an airfoil, with the z component of the velocity 
being zero.  
 
Figure 2-1 Lift and drag of an arifoil [7] 
The effects of the incoming wind create a reaction force that can be divided into two 
components. The component in the direction parallel to the incoming velocity is re-
ferred to as drag (D) and the component perpendicular to this velocity, lift(L). The lift 
and drag coefficients are defined as followed:  
Cl=
L
qA
= L
½ ρV α²A    Eq. 2-1 
Cd=
D
qA
= D
½ ρV α ²A    Eq. 2-2 
These dimensionless coefficients describe the ratio between either the lift or the drag 
force and the dynamic pressure (q) multiplied by the area. Because only two dimensions 
are considered, the chord length c of the airfoil is taken instead of the area A. 
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The physical origin of the lift force comes from the fact that the shape of the airfoil 
forces the streamlines to curve around the geometry. So the air will move faster on top 
of the airfoil and on the bottom. Following Bernoulli's principle, the pressure must go 
down with raising air speed, creating an upwards force. 
Cl and Cd depend generally on the Mach number, the Reynolds number Re and the angle 
of attack α. The Mach number is the ratio of the velocity to the speed of sound. This 
ratio becomes more important for high velocities because part of the energy will go to 
compressing the air locally. But in the case of wind turbines that operate at very low 
speeds the compressibility and thus the Mach number is not of importance. So the two 
coefficients depend only on α and Re. The lift coefficient will increase linearly with 
increasing angle of attack until a maximum value. For higher values of α, there is stall 
and the Cl will decrease in a manner depending on the geometry of the airfoil. The Rey-
nolds number expresses the relationship between the internal forces and the viscous 
forces. [7] 
Re=
ρV αc
μ    Eq. 2-3 
In other words, The Reynolds number is the ratio between the factors that make a flow 
turbulent, and the factors that make the flow laminar. A higher velocity Vα and density 
ρ causes flow lines to run into each other more easily. And the longer the profile, the 
more time there is to develop turbulence. Below the fraction line is the viscosity μ, that 
expresses the ability of the fluid to stick together, so to stay laminar. So flows with high 
Reynolds number are more turbulent.  
When the angle of attack exceeds a certain limit , the lift will decrease rapidly. This is 
referred to as stall. This critical angle is often around 15°, but can differ depending on 
the airfoil, the fluid and the Reynolds number. Stall is the result of the increasing flow 
separation with increasing angle of attack. This means that the flow will become less 
attached to the airfoil, leaving no possibility to create enough lift, and large amounts of 
drag. The flow behind the airfoil will create eddies and vertices. 
 
Another important parameter of an airfoil is the pressure coefficient. This dimensionless 
number indicates the relative pressures throughout the flow field. For an incompressible 
flow the pressure coefficient is determined as followed: 
 -18- 
C p=
p− p∞
1/2ρ∞U ∞ ²    Eq. 2-4 
This subscript ∞ indicates that these are freestream values, so values at a distance away 
from any disturbance. 
 
2.1 Navier-Stokes equations 
The Navier-Stokes (NS) equations are used inter alia to describe the motion of fluids. 
They are derived from applying the governing equations, the three equations that form 
the cornerstone of fluid dynamics, on a viscous heat conducting fluid.  
The fist equation comes from the mass are the conservation of mass principle, it is 
called the continuity equation: 
( ) ( ) 0=ρ
y
+u
x
νρ
∂
∂
∂
∂
   
Eq. 2-5 
The second principle is based Newtons second law, applied on a fluid particle. From 
this the conservation of momentum is derived. Figure 2-2 gives an overview of the 
forces acting on a fluid element in the x direction.  
 
ρ
Du
Dt
= ∂(−p+τxx)
∂x
+ ∂τyx
∂y
+ ∂τzx
∂z
+ SMx for the x component   Eq. 2-6 
ρ
Dv
Dt
= ∂τxy
∂x
+ ∂(−p+τyy)
∂y
+ ∂τzx
∂z
+ SMy for the y component   Eq. 2-7 
ρ
Du
Dt
= ∂τxz
∂x
+ ∂τyz
∂y
+ ∂(−p+τzx)
∂z
+ SMz for the z component   Eq. 2-8 
   -19- 
 
 
Figure 2-2Stress components in the x direction [8] 
The third fundamental physical principle is the conservation of energy (first law of 
thermodynamics). Equating the change rate of energy of a fluid particle to the sum of 
the net rate of work done by the fluid particle and the rate of heat addition to the fluid 
and the rate of energy increase due to other sources, leads to the following energy equa-
tion: 
ρ
DE
Dt
= −div (ρu) + �∂(uτxx)
∂x
+ ∂�uτyx�
∂y
+ ∂(uτzx)
∂z
+ ∂(uτxx)
∂x
+ ∂�vτyx�
∂y
+ ∂(vτzx)
∂z
+ ∂(wτxx)
∂x
+
∂wτyx∂y+∂wτzx∂z+divk grad T+SE     Eq. 2-9 
These three equations form the basis for every flow model. Applying these governing 
equations to an infinitesimal fluid element in a viscous flow leads to the derivation of  
the Navier-Stokes equations. A viscous flow include the transport phenomena of fric-
tion, thermal conduction and mass diffusion. If these terms are neglected, in case of a 
inviscid flow many terms in the equations can be dropped. These simplified equations 
are referred to as the Euler equations. 
The derivation of the NS equations assumes that the fluid is a Newtonian fluid. This 
means that the viscous stresses in the fluid are proportional to the deformation rates. It 
also assumes that the fluid is incompressible so that the density is constant, and the 
temperature is constant. Assuming that the flow is incompressible leads to div u =0 in 
the equation of the mass conservation. Applying this to the formulas for the conserva-
tion of momentum leads to: 
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𝜌
𝐷𝑢
𝐷𝑡
=  𝜕𝑝
𝜕𝑥
+ 𝜕
𝜕𝑥
�2𝜇 𝜕𝑢
𝜕𝑥
+ 𝜆 𝑑𝑖𝑣 𝑢� + 𝜕
𝜕𝑦
�𝜇 �
𝜕𝑢
𝜕𝑦
+ 𝜕𝑣
𝜕𝑥
�� + 𝜕
𝜕𝑧
�𝜇 �
𝜕𝑢
𝜕𝑧
+ 𝜕𝑤
𝜕𝑥
�� + 𝑆𝑀𝑥 
Eq. 2-10 
𝜌
𝐷𝑣
𝐷𝑡
=  𝜕𝑝
𝜕𝑦
+ 𝜕
𝜕𝑥
�𝜇 �
𝜕𝑢
𝜕𝑦
+ 𝜕𝑣
𝜕𝑥
�� + 𝜕
𝜕𝑦
�2𝜇 𝜕𝑣
𝜕𝑦
+ 𝜆 𝑑𝑖𝑣 𝑢� + 𝜕
𝜕𝑧
�𝜇 �
𝜕𝑣
𝜕𝑧
+ 𝜕𝑤
𝜕𝑦
�� + 𝑆𝑀𝑦 
Eq. 2-11 
𝜌
𝐷𝑤
𝐷𝑡
=  𝜕𝑝
𝜕𝑥
+ 𝜕
𝜕𝑥
�𝜇 �
𝜕𝑢
𝜕𝑧
+ 𝜕𝑤
𝜕𝑥
�� + 𝜕
𝜕𝑦
�𝜇 �
𝜕𝑢
𝜕𝑧
+ 𝜕𝑤
𝜕𝑥
�� + 𝜕
𝜕𝑧
�2𝜇 𝜕𝑤
𝜕𝑧
+ 𝜆 𝑑𝑖𝑣 𝑢� + 𝑆𝑀𝑧 
Eq. 2-12 
In these equations λ is the second viscosity, introduced via Newton’s law of viscosity 
for compressible fluids. For gasses, a good approximation is 𝜆 = −2
3
𝜇. For the full der-
ivation of the Navier-Stokes equations, we refer to the work of J.D. Anderson [9] 
 
Depending on the problem, equations of state can be added to the system, to create an 
equal amount of equations as unknowns to solve the system. In practice the Navier-
Stokes equations can only be solved analytically in simple cases where symmetry elim-
inates some terms (e.g. flow though a pipe).In other cases the equations will be approx-
imated and solved numerically with CFD techniques. The most important of these tech-
niques will be discussed in following sections. 
2.2 Discretisation method 
CFD is a technique defined by the different tools and the sequence they are used in or-
der to get to a solution as close to reality as possible. Discretisation methods are just 
some of the many CFD tools. Discretisation is a way of approximating mathematical 
expressions (functions, integrals or differential) that are considered to have an infinite 
continuum of values, by a system of algebraic equations that describe only a finite num-
ber of points. The latter can be solved to get an approximate solution. 
There are different ways of doing this. The three most important are finite difference 
(FD), finite volume (FV) and finite elements (FE). Others are spectral, boundary dimen-
sional and particle methods. 
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Besides the discretisation of the mathematical model, the geometry has to be discretised 
as well. This involves converting the geometry into numbers though the construction of 
a mesh. The correctness of the solution will depend on both the discretisation of the 
mesh, and the geometry. The mesh construction will be discussed in the next chapter. 
2.2.1. Finite difference method 
The FD method is based on Taylor expansions and the straightforward application of 
the definition of derivatives. This method is probably the most simple, but it requires 
the mesh to be structured. This includes that the mesh points are located at the intersec-
tion of lines of different families and each point must lie on only one line of each fam-
ily. Also lines of the same family do not intersect. At each grid point the governing 
equations are replaced by an equivalent finite difference approximation. 
The basic idea behind the method is the estimation of a derivative by the ratio of two 
differences following the theoretical definition of a derivative (Eq. 2-13). This differ-
ence can be between a point and the next point, so called forward difference (FDS), 
between a point and the previous, backward difference (BDS), and between the next and 
the previous point, central difference scheme (CDS). 
( ) ( )
Δx
xuΔx+xu −
    
Eq. 2-13 
By removing the limit in this equation we get the finite difference. The smaller Δx will 
get (the closer the nodes of the mesh are), the closer the approximation will get to the 
exact value of the derivative. The finite difference method is derived from the Taylor 
expansion The higher order terms on the right hand side of equation 2-14 are unknown, 
but can be neglected for a small Δx value. This introduced error by doing this, is called 
truncation error. So the order of accuracy of the difference approximation is determined 
by the power of Δx with which the truncation error tends to zero. [10] 
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or written as follows: 
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2.2.2. Finite volume method 
The FV method divides the solution domain into a finite number of control volumes 
(CV) through the construction of a grid. This grid defines the control volume bounda-
ries, in contrast to the finite difference method, where this is done by the computational 
nodes. The basic idea behind the FV method is called the divergence theorem: the vol-
ume integrals of the divergence terms can be represented as surface integrals. This inte-
gral form of the generic conservation equation is applied to the central node of every 
CV.  
dΩq+φndSΓ=φvndSρ
Ω
φ
SS
∫∫∫ ∇
   
Eq. 2-16 
The CV's can have different shapes (tetragonal hexagonal, trapezoid) and can extend to 
multiple cells of the mesh or parts of cells. The value at the cell centre is determined, 
and the values for the rest of the control volume are calculated through interpolation. 
The result is an algebraic equation for every CV, which includes the a number of values 
of neighboring nodes. To change the surface and volume integrals of the conservation 
equation for every CV needs to be approximated with quadrature formulas.  
2.2.2.1 Approximation of the surface integrals 
To calculate the surface integral, the integrand F needs to be known everywhere in the 
domain. Only in the central node the values for Φ are calculated, so the rest of the sur-
face needs to be approximated. This is done by two levels of approximation. The inte-
Figure 2-3 Finite differencing method 
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gral is approximated in terms of variable values at one or more cell locations and the 
cell face values are approximated in terms of the control volume central nodes.  
The simplest way of approximating the integral is applying the midpoint rule. This 
means multiplying the integrand at the central node with the cell face area. The value of 
the integrand is not know in the central node, so it has to be determined through interpo-
lation. Different interpolation methods will be discussed in section 2.2.2.2. 
A second way of approximating the surface integral in two dimensions is the trapezoid 
rule. This equals to multiplying half of the CV area by the interpolated value of the in-
tegrand of two opposing corners of the CV.  
These two methods are second order approximations (if the value of the integrand is 
computed with at least second order accuracy). For higher order approximations, the 
integrand has to be estimated at more than two locations. The Simpson rule is a fourth 
order approximation that uses the values for three locations: the cell center, and two 
opposing corners.  
2.2.2.2 Interpolation practices 
In order to approximate an integral, the need arises to know the values of variables in 
points of the CV other than their centres. In this case the integrand consists of the prod-
uct of two variable gradients, one for the convective ρφvn=f c  and for the diffusive 
flux φnΓ=f d ∇ . We assume that the properties Γ and ρ are constant for all locations in 
the fluid. To calculate the convective an diffusive flux the values of φ and its gradient 
are needed. There are many different interpolation methods to approximate them, the 
most common will be discussed. 
The decision with interpolation scheme to use is based on following properties: 
• Conservativeness: The ability to maintain the fluid property for the entire do-
main. The scheme should result in an identical value of the flux entering and 
leaving the control volume through the same face. 
• Boundedness: The solution should be bounded to maximum and minimum 
boundary values in case of absence of source terms, and all coefficients of the 
discretised equations should have the same (usually positive) sign 
• Transportiveness: The ability to address the relative strengths of convection and 
diffusion is expressed by the Peclet number. Pe=0 indicates pure diffusion with-
out convection, and Pe=∞ pure convection and no diffusion. The trasportiveness 
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is the relationship between the Peclet number and the directionality of influenc-
ing. For large values of Pe, nodes will be strongly influenced by the upstream 
nodes. 
•  Accuracy: The minimisation of the different types of errors [8] 
 
2.2.2.2.1 Upwind interpolation scheme (UDS) 
UDS is similar to the differencing approximations explained in paragraph 2.2.1. The 
major deficiency of this scheme is that it is incapable to recognize the flow direction. 
This means that cells are influenced equally by surrounding cells, no matter how the 
flow direction is. This is not suitable, because, for highly convective flows, cells are 
more influenced by cells laying upstream. The upwind differencing scheme takes the 
flow direction into account when determining the value of a cell face. This is done by 
taking the convective term equal to the one of the cell laying upstream. The advantage 
is that it is the only scheme that does not produce oscillatory solutions. 
2.2.2.2.2 Quadratic upwind interpolation for convective kinematics (QUICK) 
This scheme approximates the variable profile between two points by a parabola instead 
of a straight line. The idea behind the scheme is to preserve the boundedness of UD 
through biasing of the interpolation depending on the direction of the flux. The scheme 
uses a three point upstream weighted quadratic interpolation for the cell face values. 
Besides the two nodes at each side of the face, a third upstream node is used to deter-
mine a the quadratic function.  
2.2.3. Introduction of boundary conditions 
Of course the mathematical model cannot be the same for all different flow fields. De-
pending on the flow field, and the circumstances, a set of boundary conditions (BC) are 
introduced in the form of a series of faces which coincide with the physical boundaries 
of the system under consideration. They can be specified in three ways: Dirichlet, Neu-
mann or a combination of both. When the Dirichlet of first type boundary condition is 
imposed on an equation, the value of the solution that the boundary needs to take, is 
specified. The Neumann or second type boundary condition specifies the value of the 
derivative of a solution has to take on the boundary of the domain. The previous condi-
tions can be mixed to create different boundary conditions for different parts of the do-
main. 
 For an incompressible flow these physical boundaries can be: 
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• Inlet boundary: In most cases all the variables are known at the inlet boundary. 
If this is not the case, is best that this boundary is as far as possible from the re-
gion that needs to be investigated. Because the velocity and other quantities are 
known, the convective fluxes can be calculated. The diffusive fluxes are not 
known and need to be approximated by using the known boundary values. 
• Outlet boundary: Often little is known about the outlet flow, so it is useful to put 
the outlet boundary as far behind the area of interest as possible. The outgoing 
flow should be over the entire cross-section of the outflow, and if possible be 
parallel. The conditions should be specified so that the overall mass balance is 
conceived. This can be done by projecting the velocity distribution from inside 
the domain. The velocity distribution is scaled to satisfy the continuity. The 
pressure gradient condition is zero gradient. 
The other way of approach specified the pressure distribution instead of the ve-
locity with a zero gradient condition on velocity. The mass conservation is guar-
anteed through the pressure equation. 
• Symmetry plane boundary: For boundaries with a zero component of the gradi-
ent normal to the boundary. 
• Impermeable Walls: The velocity of the fluid on the wall is equal to the velocity 
of the wall. This is due to the fact that a viscous fluid sticks to a solid boundary 
(no-slip condition) The condition on pressure is zero gradient as the flux through 
the wall is zero. 
With the boundary conditions the linear systems of equations is completely determined 
and is solvable with iterative techniques. 
2.2.4. Finite Element method 
Because of its simplicity, it forms a very interesting and powerful method. The consid-
ered domain is divided into a finite number of elements. The variation of every variable 
inside each element is determined by a simple linear or quadratic function (interpolation 
polynomial). These approximation functions are substituted into the governing equation. 
This will not hold exactly and the error will be indicated by the residual. The basic idea 
is to drive the residuals from the approximation to zero, by performing a convolution 
with a certain weight function and integrating. So by choosing different weight func-
tions, enough equation can be generated to create an algebraic system and solve the un-
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knowns. [11] Further information about the finite element method for fluid applications 
can be found in the work of O.C. Zienkiewicz and R.L. Taylor. [12] 
2.3 Linear equation systems 
Non-linear equations have to be solved using an iterative technique where after guess-
ing for a solution, the equations about this solution are linearised, the solution is im-
proved, and the process is repeated until a converged solution is reached. These meth-
ods will be discussed later on in detail. The point is that even for non-linear equations 
there is a requirement for a method to solve linear systems of algebraic equations. Ma-
trices derived from partial differential equations are always sparse, most elements are 
zero. This simplifies the solution to great extend.  
2.3.1. Direct methods 
The result of a direct method for solving a linear system of algebraic equations is finite 
number of arithmetic operations. These methods are more suitable for smaller systems 
as the amount of operations needed to solve the system increases with the number of 
equations squared. An overview of the most important methods is given. 
2.3.1.1 Gauss elimination 
This is the basic method followed for solving linear systems of algebraic equations. It 
systematically reduces the large system of equations to smaller systems. The basic tech-
nique consists of creating the reduced echelon form by basic row operations. 
The procedure is called forward elimination. The solving of the triangular matrix is easy 
from this point on. This is referred to back substitution. It is obvious that the first phase 
requires the a lot of arithmetic operations. This gives reasons to search for more effi-
cient matrices solvers. The Gauss elimination method does not vectorise or parallelize 
well, so it is not often used without modification.  
2.3.1.2 LU decomposition 
This is the only variant of the Gauss elimination that is of interest for CFD. The Gauss 
elimination method can be performed in a more formal manner, by multiplying the 
original matrix A by a lower triangular matrix and an upper triangular matrix. 
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2.3.2. Iterative methods 
These methods involve guessing a solution, and using the equation to systematically 
improve it. The process is repeated until a solution tolerance is met. These methods are 
generally more economical, but impose some requirements on the matrix. There are a 
lot of iterative methods available, but as before, only the basic concept will be discussed 
to provide an idea behind the methodologies. 
2.3.2.1 Jacobi model 
The method is based on two assumptions: the given system has one unique solution, and 
the coefficient matrix has no zeros on its diagonal. The Jacobi methods starts by solving 
each equation for a different variable. So the fist equation for x1, the second for x2 and 
so on. The initial approximation will be achieved by guessing values for all the different 
variables, and substituting them in the equations. This procedure is the first iteration. 
The results can be again substituted until a sequence of approximations converges, this 
will be the exact solution of the variable. 
 
2.3.2.2 Gauss Seidel Method 
This is a modification of the Jacobi method. The advantage is that it needs less itera-
tions to reach the same degree of accuracy. The difference is that the estimated value of 
x1 from the first iteration will be used to calculate x2 from the moment it is known. The  
new values for x1 and 2 will be used to calculate x3 and so on. This will be again re-
peated until the solution converges.  
2.4 Turbulent flow models 
In practice all flows of interest are turbulent, this corresponds to high Reynolds num-
bers. Taylor and von Kármán introduced following definition: “Turbulence is an irregu-
lar motion in which general makes its appearance in fluids, gaseous or liquid, when they 
flow past solid surfaces or even when neighboring streams of the same fluid flow past 
or over one another” [13] 
A turbulent flow is made up out of a continuous spectrum of scales. The ratio between 
the biggest and the smallest scale increases rapidly with increasing Reynolds number. 
The biggest scales can be of the same order of magnitude as the object over which the 
fluid is flowing. To make an accurate numerical simulation, the scales of physical inter-
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est need to be solved. This is the basic thought behind the RANS and LES methods for 
solving the NS equations.  
Turbulent eddies are often introduced to help visualize the spectrum of scales. An eddy 
is a swirling motion whose dimension is characteristic for the turbulent scale. Large 
eddies can carry small ones, here the kinetic energy is transferred to the smaller ones. 
Eventually an eddy will resolve by dissipating all its kinetic energy in thermal energy. 
An short overview of the available models will be given, for the detailed analysis and 
the mathematical formulations we refer to D.C. Wilcox [14] 
 
2.4.1. Direct numerical simulation (DNS) 
This is the most accurate approach to solve NV equations for a turbulent flow without 
averaging or approximating besides the numerical discretisations which of the errors 
can be estimated and controlled. The governing equations are numerically integrated 
over a whole range of turbulent scales. This put high demands on the mesh resolution 
and the time-step size, and results in a high need for computer resources. DNS is suit-
able for flows with a low Reynolds number. For more turbulent flows and complex ge-
ometries the preferred method is LES or RANS. 
2.4.2. Large Eddy simulation (LES) 
LES is a mathematical model that operates on the NV equations. The main principle 
formulated by J. Smagorinsky [15] is to filter out all small scales out of the solution. 
The theory of Kolmogorov states that the larger scales contain the most energy and are 
the most important. [16] These large scale structures are directly resolved by numerical 
methods on the grid (super-grid scales) and the influence of all the other scales on this 
super-grid is modeled. This way the governing equations are transformed, resulting in a 
filtered velocity field. This method requires large computational resources for flows 
with high Reynolds numbers. 
2.4.3. Reynolds averaged Navier-Stokes (RANS) 
An alternative is the statistical approach. The local variable is separated into a mean 
value and the fluctuation around this mean. There are three averaging methods. The 
selection between them depends on the characteristics of the turbulent flow. 
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• Time averaging in a fixed point of space For stationary turbulence, for example 
a turbulent flow that does not vary in time. 
• Space averaging for a fixed moment in time: For homogeneous turbulence, for a 
flow that is uniform in all directions, on average.  
• Ensemble averaging: For a series of n identical experiments, in an ideal situation 
[13] 
In practice all flows involve inhomogeneous turbulence, so usually time averaging is 
used. If the flow is unsteady, the ensemble averaging should be used. Figure 4-7 gives 
an idea about what happens during the averaging. The time interval T2 should be large 
in comparison to the typical maximum period of the velocity fluctuations T1. This proc-
ess is called Reynolds averaging or Reynolds decomposition. After applying this to the 
NS equation, the RANS equations are achieved. It separates the variable in a fluctuating 
part and an averaging part. 
Figure 2-4 Reynolds averaging [14] 
Through the Reynolds decomposition, new unknowns are introduced such as turbulent 
stresses, also known as Reynold stresses, and turbulent fluxes. Because the RANS equa-
tions bring in these new variables, additional equations are needed to model them. The 
easiest method is to develop new PDEs for each term by using the original set of NV 
equations. But this will introduce extra correlations between the unknown. An alterna-
tive is to use PDEs for turbulent stresses and fluxes as addition as will be explained in 
following methods. They are based on the assumption that there exists a relation be-
tween the Reynolds stresses and the viscous stresses on the mean flow. 
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2.4.3.1 Mixing length model 
This model, introduced by Prandtl, describes the stresses by a set of simple formulas for 
the turbulent viscosity in function of the position. Prandtl did this by introducing the 
parameter mixing length, and by relating this with the turbulent viscosity. Turbulent 
viscosity is the friction caused by the turbulent transfer of momentum between eddies. 
The idea is that large eddies influence the kinetic energy of the turbulence more, so 
therefore length scale is a good characteristic to represent the influence in the flow.  
The Reynolds stress tensor is obtained using the Boussinesq assumption. This assump-
tion links the Reynolds stress to the velocity gradients through the turbulent viscosity 
𝜇𝑡. This way the shear stress is simply determined by the velocity gradients and the 
mixing length. 
2.4.3.2 One equation models 
For these models an extra transport equation of a turbulent quantity is added. This quan-
tity is usually the turbulent kinetic energy, like the most frequently used Spalart-
Allmaras model. [2] 
2.4.3.3 Two equation models 
These models use two partial differential equations. Next to the partial deferential equa-
tion for the previously introduced turbulent kinetic energy k, a second PDE for the tur-
bulent dissipation rate ε is introduced. The equation for k can be derived from the NS 
equations [17], and the one for ε can be obtained through physical reasoning. The short-
coming of this model is that it does not work well for flows near a wall. The model, 
known as the k- ε model, and its solution method is described by D. Kuzmin and O. 
Mierka [18] 
Another method of approach, developed by Wilcox [14], is to use the specific dissipa-
tion rate ω as a second transport equation, next to the turbulent kinetic energy. This 
represents the rate at which the turbulent kinetic energy is transferred into thermal en-
ergy per unit volume and time. The dissipation rate, also referred to as the frequency of 
turbulence, depends on k and ε.  
There are variations on both two equation models. The variation of the k- ω model used 
in this dissertation is the shear stress transport (SST) k- ω turbulence model introduced 
by F.R. Menter in 1993 [19]. It was developed to overcome the deficiencies of the stan-
dard k-ω model and the k – ε model. It defers in the way the turbulent viscosity is calcu-
lated in order take the transport of the principal turbulent shear stress into account. A 
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blending function is incorporated to improve the near wall calculations. This way the 
necessity of a really small grid resolution can be avoided. For these reasons the k-ω SST 
model is most suitable for high-Reynolds pressure gradient flows. 
 
2.4.4. Boundary layer treatment 
For the numerical simulation of the turbulent flow next to the airfoil the no-slip bound-
ary condition is applied to the wall. This states that a viscous fluid at a solid boundary 
has zero velocity in respect to that boundary. This brings along that the near-wall re-
gions have high gradients of the solution variables [20]. This phenomenon, together 
with the fact that the wall causes a blocking effect, makes the that turbulence disappears 
next to the wall. The average flow velocity at a point will increase algorithmically with 
the distance from that point to the wall. This is known as the law of wall, published by 
von Kàrmàn in 1930 [21]. In the general formulation of this law (eq. 2-17 and eq. 2-18) 
the distance is expressed by y+, the distance to a the wall y, made dimensionless by 
multiplying with the friction velocity, and divided by the kinematic viscosity ν. The 
friction velocity is just the shear stress re-written in units of velocity. 
+++ C+y
κ
=u ln1    Eq. 2-17  And 
ν
yu=y τ+
    
Eq. 2-18 
C+ and κ are constants that depend on the smoothness of the wall, and u+ is the velocity 
made dimensionless by dividing with the friction velocity. 
The region where the average velocity is increasing is known as the boundary layer. 
This is subdivided into the sub-layer really close to the wall where the flow is laminar 
(y+<5), and the transition zone or buffer layer (5< y+<30). The laminar sub-layer is also 
referred to as the viscous sub-layer, because the viscous forces of the fluid dominate the 
inertial forces. 
This thin sub-layer has a substantial influence on the rest of the flow but the numerical 
analysis requires a really fine mesh next to the wall. This causes a heavy impact on the 
computation time. Not all turbulence models are suitable for near-wall modelling, but 
the used k-ω SST is applicable throughout the boundary layer if the mesh resolution is 
sufficient. The rule of thumb is that y+ is smaller then 1, or at least smaller then 2. Be-
cause high-Reynolds numbers bring along a high cost of solving, the method of directly 
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solving the boundary layer is only used for low Reynolds flows. The increase of spatial 
and temporal resolution would simply become too impractical. [22] 
By introducing wall functions we can avoid modelling the boundary layer, and mimic 
the flow near the wall. This way the computational time can be reduced with 90%. [23] 
They connect the wall shear stress to the dependant variables at the near wall grid 
nodes. These grid nodes need to be outside the boundary layer (y+>30) in the fully tur-
bulent zone.  
The problem wall functions bring along, is that the force coefficients will be drastically 
influenced. Errors of 90% are not uncommon for the results of especially the drag coef-
ficient in case of large angles of attack. [24] The results of the pressure coefficient in the 
separation region, can have significant deviations too. This is because the drag is highly 
dependent on the solution of the viscous effects in the boundary layer. In the case of 
thick airfoils this effect is even bigger. 
 
2.5 The numerical algorithm 
The methods described above, assume that the velocity field is known, but in general 
this is not the case. The numerical algorithm describes the overall solution method that 
has to be followed to determine the different variable that make up the flow. If we look 
at the governing equations of momentum and the continuity equation, it is obvious that 
they are intricately coupled because the velocity component appears in all of them. The 
pressure only appears in the momentum equations. The most complex issue is to resolve  
the pressure gradient. When this is known, the above schemes can be applied, and the 
discretised equations can be found.. In the case of compressible flows the energy equa-
tion is a transport equation for temperature. By using this in combination with the equa-
tion of state the pressure can be found from the density and the temperature. For incom-
pressible however, flows the density is constant, and therefore not linked to the pres-
sure. In this case the pressure will be coupled to the velocity. It will be solved using an 
iterative solution strategy. One of the many solution algorithms included in OpenFOAM 
is PISO. it stands for pressure implicit with splitting of operators and was originally 
developed by Issa [25]. It is an algorithm for solving the Navier-Stokes equations using 
a predictor-corrector method to arrive at the converged solution. 
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The first step is the momentum predictor stage, it involves solving the momentum equa-
tions. The pressure gradient in unknown, so values of the previous time step are used. 
The solution is an estimation of the new velocity field. Next step is referred to as the 
pressure solution. The values of the estimated velocity field are used to formulate the 
pressure equation. Solving this will lead to an approximation of the pressure field. Next 
the velocity field should be corrected accordingly to the new pressure field in the ex-
plicit velocity correction stage. By implicit correction is meant that the transported in-
fluence of corrections of neighbouring velocities is neglected during the velocity correc-
tion. Only the correction due to the change in pressure gradient is considered. Therefore 
the procedure has to be repeated until a predetermined tolerance is reached. [13] 
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Figure 2-5Flow diagram PISO algorithm 
In appendix IV are some examples of OpenFOAM output for different iterations. In the 
beginning, the Courant number is calculated. This number gives an indication of how 
fast the fluid passes through the mesh. It is defined as followed: 
Δx
uΔΔ=C
   
Eq. 2-19 
Set boundary 
conditions 
Set and solve discretized 
momentum equation 
Predict velocity field based 
on NS eq. and previous val-
ues 
Solve pressure eq. 
Correct the velocity field 
accordingly to new pres-
sure field 
Tolerance 
reached? 
New time-step 
Y 
N 
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So it depends on the size of the time step Δt, the velocity, and the cell size Δx. If the 
Courant number is higher as one, the flow passes through more than one computational 
cell per time step. Depending on the solving method used, this can have a negative ef-
fect on the convergence and accuracy. Although OpenFOAM is capable of dealing with 
high Courant numbers, but it is better to keep it at a low value, best below 1. 
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3. Meshing 
The grids used in this dissertation have been generated by the program ANSYS ICEM 
CDF. The airfoil coordinates were imported from the official NREL website [26]and a 
hexahedral unstructured C-grid was constructed around it. Unstructured meshes are 
more flexible in comparison to structured meshes. There is no restriction considering 
the shape of the control volumes, nor for the number of neighbouring nodes. The disad-
vantage is that because of this irregularity of the data structure, the node locations and 
neighbouring connections have to be specified explicitly [27]. The algorithms for gen-
erating grids will not be discussed in this dissertation. The handbook of grid generation 
by J.F Thompson et al. [28] is recommended for more information. 
The mesh was imported to OpenFOAM by using the fluentMeshToFoam command 
which reads the .msh file and converts it into a set of libraries. 
The quality of the mesh can be checked in OF for aspect ratios, non-orthogonality and 
skewness, using the checkMesh command. The aspect ratio (AR) expresses the stretch-
ing of the cells. In areas where the flow changes strongly, large and sudden changes in 
aspect ratios should be avoided. The skewness defines the difference between the cell 
shape and a equilateral cell if equal volume. Cells that are highly skewed can cause a 
decrease in stability and accuracy of the solution. The orthogonality characteristic 
checks if the angle between normal of each face of the mesh ,and the vector between 
two cell centres is less than 90°. So it is of high importance that the mesh is approved, 
otherwise problems with convergence can arise later. 
A printout of the checkMesh command is given in Appendix I CheckMesh. This shows 
that all criteria fall within the boundaries, and the mesh is approved.  
Before starting to construct the grid, a decision has to be made about the near-wall 
treatment. There are two different approaches: the application of wall functions, or near-
wall modeling. 
We want to validate our simulation with the available high Re results, so the low-Re 
mesh will be out of the question. So we have to be aware that the drag prediction can 
include serious errors. 
The boundaries of the meshes are put at 12.5 times the chord of the airfoil, and for the 
wake a distance of 20 times the chord is chosen. For coarse mesh, a 152x45 grid is con-
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structed. This means that there are 152 cells on the surface of the airfoil, and 45 perpen-
dicular to the airfoil. In addition, a 60x45 mesh is constructed to analyze the wake be-
hind the airfoil. With a velocity of 10 m/s, this results in a y+ between 32 and 94, with 
an average value of 62. 
 
Figure 3-1 S818 coarse mesh far field 
 
Figure 3-2 S818: Coarse mesh close 
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Figure 3-3S818: Coarse mesh leading edge 
 
Figure 3-4S818 Coarse mesh trailing edge 
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4. OpenFOAM 
There are many CFD software packages. For this dissertation the decision was made to 
mainly work with OpenFoam, and to use XFOIL in addition. OpenFoam is a free open 
source package written in C++. This makes it very adaptive and therefore popular in 
comparison to the very costly competitors. It has a wide community behind it, helping 
to solve each other’s problems. This is useful, because OpenFoam is very unforgiving  
for small errors. 
The build up of a simulation depends on the chosen solver. Different solvers require 
different input. In our case the case is build up from following subdirectories: 
• 0: refers to the start point, contains boundary and initial conditions 
• p: pressure flow field 
• U: Velocity flow field 
• nut: turbulent viscosity 
• nuTilda: turbulent variable 
• k: turbulent kinetic energy 
• omega: the dissipation rate 
constant: 
• Polymesh: another subdirectory containing the mesh data. This is con-
structed through the fluentMeshToFoam command, which transfers the .msh 
file to a number of files containing the data for the nodes, faces, bounda-
ries,... 
• RASproperties: Model selection 
• Transport properties: transport model and kinematic viscosity 
• Turbulence properties: type of simulation 
System 
controlDict: the time controls, extra data output 
fvSchemes: contains all numerical schemes, relaxation factors 
fvSolution: Solver settings and tolerances 
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4.1 Solvers and discretization schemes 
The library fvSolution includes the different solvers and tolerances used for the linear 
systems. OpenFOAM offers a range of solvers. It is important that the distinction is 
made between the application solver, that describes the equations and algorithms used 
to solve a problem, and the linear solvers discussed in the beginning of this section. In 
Appendix II fvSolution, a printout of the library with the selected solvers is given. 
The most demanding computational operation is the solving of the pressure equation. 
That is why for pressure the geometric agglomerated algebraic multigrid solver 
(GAMG) is chosen. This solves a coarse grid with a small number of cells, and used this 
as an initial guess to refine the solution iteratively. This increases the solution speed for 
large grids. For the other parameters the preconditioned bi-conjugate gradient solver 
(PbiCG) for asymmetric matrices is chosen. 
For each solver, the solution tolerance has to be defined for each variable. This is the 
lower boundary the residual needs to fall under to stop the iterations of the respective 
solver. The solver also stops in case the defined maximum number of iterations is ex-
ceeded.  
On the bottom of the fvSolution file, the under-relaxation factors are defined. They de-
fine a part of the previous iteration used. This is to dampen the solution, and cut out 
steep oscillations in case the solution becomes unstable. Too small under-relaxation 
factors will slow down the convergence significantly. It is best to use factors as high as 
possible without causing oscillations or divergence. The relaxation factors value be-
tween 0 where there is no change at all between iterations, and 1 where there is no link 
between them. 
 
The dictionary Appendix III fvSchemes contains the finite volume discretisation 
schemes used to solve the Navier-Stokes equation. An short overview of the most im-
portant methods was given in chapter 2.  
The fvschemes library is subdivided into 6 sub-libraries: 
• ddtSchemes for the discretization of the time derivative terms. 
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• gradSchemes contains the numerical schemes for the pressure and velocity gra-
dient term with the possibility to limit the schemes to certain grid faces or cells. 
• divSchemes includes the divergence terms, depending on the chosen model. The 
syntax phi stands for the flux φ=ρU  
• laplacianSchemes, the Gauss linear corrected scheme is chosen for all the Lapla-
cian terms in the equations. 
• InterpolationSchemes contains the point-to-point interpolations for values of cell 
centers to face centers.  
• snGradSchemes this is the sub-directory that contains the surface normal gradi-
ent terms, which has to be calculated at each cell face. This is the component 
normal to the face gradient if the central cell values of the two cell centers that 
this face is connecting. 
It is not easy to decide which schemes to use. Choosing a first order scheme will result 
in a relatively quick and accurate solution. If a more accurate solution is needed, a 
higher order scheme has to be selected. Note that this may cause that the solution needs 
more time to converge. A balance between computational time and accuracy needs to be 
found. This sensitivity study conducted by J.M. Milián Sanz compares different nu-
merical scheme setups for the convection term [29]. The results show similar results for 
QUICK and linear upwind schemes, with slightly better results for the latter. These re-
sult show as well that the both models fail to deliver decent results in case of high an-
gles of attack.  
Table 4-1 gives an overview of the selected numerical schemes.  
ddtSchemes SteadyState 
gradSchemes Gauss linear 
divSchemes 
div(phi,k) 
div(phi,omega) 
div(phi,nuTilda) 
div((nuEff*dev(T(grad(U))))) 
div(phi,U) 
 
Gauss upwind; 
Gauss upwind; 
Gauss linearUpwind; 
Gauss linear; 
Gauss linearUpwind cellLimited 
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laplacianSchemes Gauss linear corrected 
interpolationSchemes linear 
snGradSchemes corrected 
Table 4-1 Selected numerical schemes (phi=velocity flux φ) 
The standard Gaussian finite volume integration is chosen as a first choice. This scheme 
is based on the summing of the cell face values which are integrated from the cell cen-
tres. So behind the first choice, the method for interpolating is defined. For a detailed 
analysis of the schemes and their characteristics we refer to the work of H.K. Versteeg 
and W Malalasekera [8] 
At the end of the library is the sub-dictionary fluxRequired. This lists the fields for 
which the flux is generated, in this case the pressure p. [22] 
4.2 Boundary conditions 
The k-ω SST model requires a number of input parameters that need to be defined at the 
boundaries. In the case of our geometry, the boundaries are the inlet, outlet, the sides 
and the airfoil itself. OpenFOAM makes the distinction between the input specified at 
the start of the simulation, and the parameters that will stay constant. At time 0, the 
pressure, velocity, turbulent kinetic energy and the dissipation rate are defined. The val-
ues for the turbulent variable are of no importance for the k-ω SST model, but are com-
puted because they can be useful during post-processing. The name of the folder “0” 
referres to the start of the simulation. When the simulation is running, a folder will be 
created every time interval containing the simulated values at that time step. This time 
interval of this output is determined in the control dictionary. Table 4-2 gives an over-
view of how the boundary conditions are defined. 
 
Parameter Inlet/Outlet/Sides Airfoil 
Velocity U Free stream Fixed value 
Pressure p Free stream pressure Fixed value 
Turbulent viscosity νt Free stream Wall function 
Kinematic energy k Free stream Wall function 
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Dissipation rate ω Free stream Wall function 
Table 4-2 Boundary conditions 
 
In the folder “constant” are the data for the geometry and the mesh, together with the 
model selection and the value for the kinematic viscosity. By changing this value we 
can influence the Reynolds number. 
 
4.3 Control dictionary 
This library controls the basic operation of the simulation. It controls the start and end 
time of the simulation, and the timestep that between the iterations. It also states when 
to create a new data folder containing the parameter values at that moment. For this case 
we added extra keyword entries so that OpenFOAM automatically outputs the different 
force coefficients. An example of the control dictionary used is given in Appendix IV . 
The values for p at the airfoil patch, needed to calculate Cp, have to be computed after 
the simulation is finished. This is done by specifying the desired output in the sample 
dictionary, also located in the system folder. 
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5. Validation and verification 
Verification is the process of determining that at model implementation accurately 
represents the developer's conceptual description of the model and the solution of the 
model. This definition comes from the AIAA guide, which will be followed throughout 
the V&V process. The overall purpose of V&V is to check the accuracy of the simula-
tion, to proof that the solution is trustworthy. [30] 
There are two types of verification needed in computer simulations. The first is the veri-
fication of the code. The algorithms implemented by the code should approximate the 
underlaying PDE's correctly, regarding the implemented boundary conditions. More-
over the algorithms should converge to correct solutions of the PDE's under all applica-
tions of the code. Because this is not realistic, the operational meaning of code verifica-
tion is the lack of proof that the code is incorrect. [31] This is not considered as a part of 
this dissertation, as the used software is verified by the developers and considered to be 
accurate. This can also be assumed because many similar previous cases have delivered 
accurate results. 
The second form is the verification of the solution. This can be considered as evaluating 
the error of the input data and the mesh, the estimation of the numerical error and the 
verification of the output data. 
These steps will be conducted in the following paragraphs for the S818 airfoil, with an 
angle of attack equal to 0° and a Reynolds number of 2 000 000. 
5.1 Spatial grid convergence 
As stated before, the construction of the mesh is a very important step in the CFD simu-
lation. A balance must be found between the computational time and the accuracy. It 
must be investigated how much the mesh resolution affects the solution. This can be 
done by determining the ordered discretisation error thought the examination of the 
spacial grid convergence. Discretisation errors, also known as numerical errors, arise as 
the governing flow equations are represented in a discrete domain of space and time. 
The error occurs because it is not possible to simulate an infinite amount of grid points. 
A solution of a numerical method converges if it tends to the exact solution as the num-
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ber of nodes increases the grid spacing tends to zero. This can easily be checked by re-
fining the grid, and look for the implications of this change to the results. 
More methods for examining the convergence of CFD simulations are presented by 
Roache [32]. 
Figure 5-1 and 5-2 show the investigation of the grid dependency. The mesh used for 
the simulation of the S818 airfoil was refined two times. The results are getting slowly 
closer to the XFOIL values of 0.4778 for the lift coefficient, and 0.00788 for the drag 
coefficient. This shows that our simulation is not dependant on the grid, and the solution 
will tend to the exact solution if the cells become infinitely small. 
 
Figure 5-1Mesh dependency study for Cl with α=0° and Re=2.5 x 106 
 
Figure 5-2Mesh dependency study for Cd with α=0° and Re=2.5 x 106 
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5.2 Iterative convergence 
The most common way the iterative convergence of a solution is checked, is by looking 
at the residuals of a few global parameters over time, as showed is figure 5-3 If the dif-
ference between these solutions of consecutive iterations stagnates below an acceptable 
level, it is safe to say that the solution converged. this is not always easy to tell. The 
acceptance levels are generally dependent on the scale of the variable being solved. A 
good indication for the overall level of convergence is to look at the drop in residuals. 
The rule of thumb here is a drop of the 3rd-5th order, regarding the magnitude of the 
first, or the maximum residual. 
 
Figure 5-3Residuals of the different variables 
In addition to the residuals, the force coefficients should be monitored for convergence 
as well.  
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Figure 5-4  evolution of the force coefficients 
5.3 Validation 
Validation is considered as the process of determining the degree to which a model is an 
accurate representation of the real world from the perspective of the intended uses of the 
model. [30] So the validation depends on the accuracy of the simulation, as well as the 
accuracy of the experimental data. It is only possible to validate the code for the specific 
range that is used in the simulation, the validation beyond this region is considered as 
prediction. 
The validation will happen though comparison of the simulated data with the theoretical 
data from NREL.. The further results of the validation of the S816 and S817 airfoil are 
given in Appendix V S816 Validation and Appendix VI S817 Validation 
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5.3.1. Dependency of the lift and drag coefficient on the angle of at-
tack 
  
Figure 5-5 S818 Cl-AoA Re=1,5 x106   Figure 5-6 S818 Cd-AoA Re=1,5 x106 
  
Figure 5-7S818 Cl-AoA Re=2 x106    Figure 5-8 S818 Cd-AoA Re=2 x106 
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Figure 5-9 S818 Cl-AoA Re=2,5 x106 Figure 5-10 S818 Cd-AoA Re=2,5 x106 
   
Figure 5-11S818 Cl-AoA Re=3 x106   Figure 5-12S818 Cd-AoA Re=3 x106 
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Figure 5-13 S818 Cl-AoA Re=3,5 x106  Figure 5-14 S818 Cd-AoA Re=3,5 x106 
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5.3.2. Lift and drag coefficient dependency on Reynolds number 
  
Figure 5-15 S818 Cl-Re α=-4       Figure 5-16 S818 Cd- Re α=-4 
  
Figure 5-17 S818 Cl-Re α=0      Figure 5-18 S818 Cd- Re α=0 
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Figure 5-19  S818 Cl-Re α=4      Figure 5-20 S818 Cd- Re α=4 
  
Figure 5-21 S818 Cl-Re α=8      Figure 5-22 S818 Cd- Re α=8 
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5.3.3. Pressure coefficient 
 
 
Figure 5-23 AoA 0 Re 2,5 x106 
 
Figure 5-24 S818 AoA4 Re 2,5 x106 
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Figure 5-25 S818 AoA8 Re 2,5x106 
 
Figure 5-26 S818 AoA12 Re 2,5x106 
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6. XFOIL 
XFOIL is a software developed by professor Mark Drela at MIT in the 1980's for the 
design and analysis of subsonic airfoils in particular. It works with a set of command 
driven routines to perform: 
• Viscous or invicid flow analysis of an existing airfoil; 
• Design an redesign of airfoils through interactive specification of the surface 
speed distribution; 
• Redesign of airfoils through the interactive specification of the new geometric 
parameters; 
• The blending of airfoils; 
• the calculation of drag with fixed or varying Reynolds or Mach numbers; 
• Plots of geometry, pressure distributions and polars; 
Just like OpenFoam this software is open-source, but it requires a lot less input because 
of the use of the panel method, also called boundary elements method. This method 
divides the airfoil in a number of singularity panels. The governing equations can be 
solved by superposition of elementary flows, in the case of XFOIL, vortex panels. The 
Kutta and impermeability boundary conditions are applied. The Kutta condition basi-
cally states that the trailing edge is the rear stagnation point. If the angle of attack in-
creases positively, the rear stagnation point will move to the left of the upper side. This 
will require the fluid to reach very high speeds to go around the trailing edge causing 
strong vortices. By applying the Kutta condition, the topside and downside flow will 
join at the trailing edge, and will flow parallel behind the airfoil. 
 
Figure 6-1Vortex panel approximation [33] 
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After a freestream, with the wanted Reynolds number and under the right angle of at-
tack is applied; the vortex and/or source strength distribution is found that will satisfy 
the implemented boundary conditions. [33]  
For a full explanation of the panel method used in XFOIL we refer to the Ph.D. thesis of 
J. Hájek. [34] 
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7. Post-processing 
7.1 Contour plots 
 
Figure 7-1 S818 AoA=-4 Velocity   Figure 7-2 S818 AoA=-4 Pressure 
 
 
Figure 7-3 S818 AoA=0 Velocity     Figure 7-4 S818 AoA=0 Pressure 
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Figure 7-5 S818 AoA=8 Velocity    Figure 7-6 S818 AoA=8 Pressure 
 
 
Figure 7-7 S818 AoA=12 Velocity    Figure 7-8 S818 AoA=12 Pressure 
 
Figure 7-9 S818 AoA=16 Velocity   Figure 7-10 S818 AoA=16 Pressure  
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8. Conclusions 
The goal of this dissertation was to validate the OpenFOAM software package, by com-
paring the results with the theoretical data and with the results of a second software 
package XFOIL. This was done using three airfoils of an thick airfoil family of NREL, 
and this for a range of Reynolds numbers and angles of attack around the design pa-
rameters. 
The results for the pressure coefficient are not consistent. The S818 and S816 airfoils, 
which have a larger maximum camber (respectively 24% and 21%) show significant 
deviations in the prediction of the pressure coefficient, especially in the trailing edge. 
The results from XFOIL seem more accurate. The primary airfoil S817 (16% thickness) 
showed a lot better results for the pressure coefficient. The location of the stagnation 
point was very accurate for the three airfoils and in all cases.  
The prediction of the lift and drag coefficient showed results close to the NREL data, 
but only for the low angles of attack. In the results XFOIL performs again slightly better 
than OpenFOAM. Data for the near stall region was not available, but the cases were 
run in both software programs to see their performance in comparison to each other.  
The reason that OpenFOAM performed rather average is possibly due application of 
wall functions. A correct drag prediction depends strongly on the simulation of the vis-
cous effects in the boundary layer that occur due to the transition from the no slip condi-
tion at the face of the airfoil to the free stream value. In this case wall functions were 
used to bridge this gap in order to reduce the computational time. This effects the accu-
racy of the results in a negative manner. The possibility to switch to a low y+, high den-
sity grid in combination with a low Reynolds turbulence model was considered, but the 
computational resources were not sufficient to cope. In any case this would have in-
creased the computational time with 90%, and considering the amount of simulations 
that had to be run, this method was out of the question. 
XFOIL delivers acceptable results overall, with the advantage that they were gathered 
vary rapidly without the pre-processing and post-processing that is required by Open-
FOAM. The software showed a really accurate prediction for the location of the stagna-
tion point as well. The problem if formed in the case of the higher Reynolds numbers, 
especially for the S817 and S816. XFOIL fails to predict the breakdown of the lift coef-
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ficient in the near stall region. This is due to the fact that the software is developed to 
examine the transition between laminar and turbulent flow, and will not perform good 
for fully turbulent analysis because of shock effects. [36] 
 
Figure 8-1 3D post-processing in Paraview of blade section between 40% and 95% of 
full blade lenght   
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Appendix I CheckMesh 
/*------------------------------------------------------------------*\ 
| =========                 |                                        | 
| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox  | 
|  \\    /   O peration     | Version:  2.1.1                        | 
|   \\  /    A nd           | Web:      www.OpenFOAM.org             | 
|    \\/     M anipulation  |                                        | 
\*------------------------------------------------------------------*/ 
Build  : 2.1.1-221db2718bbb 
Exec   : checkMesh 
Date   : Sep 23 2012 
Time   : 17:52:39 
Host   : "ben-F7Se" 
PID    : 8433 
Case   : /home/ben/OpenFOAM/ben-2.1.1/run/Grid_dependancy1 
nProcs : 1 
sigFpe : Enabling floating point exception trapping (FOAM_SIGFPE). 
fileModificationChecking : Monitoring run-time modified files using 
timeStampMaster 
allowSystemOperations : Disallowing user-supplied system call opera-
tions 
 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* * * // 
Create time 
 
Create polyMesh for time = 0 
Time = 0 
Mesh stats 
    points:           51566 
    internal points:  0 
    faces:            101923 
    internal faces:   50357 
    cells:            25380 
    boundary patches: 5 
    point zones:      0 
    face zones:       0 
    cell zones:       0 
 
Overall number of cells of each type: 
    hexahedra:     25380 
    prisms:        0 
    wedges:        0 
    pyramids:      0 
    tet wedges:    0 
    tetrahedra:    0 
    polyhedra:     0 
 
Checking topology... 
    Boundary definition OK. 
    Cell to face addressing OK. 
    Point usage OK. 
    Upper triangular ordering OK. 
    Face vertices OK. 
    Number of regions: 1 (OK). 
 
Checking patch topology for multiply connected surfaces ... 
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    Patch               Faces    Points   Surface topology                   
    SIDES               160      324      ok (non-closed singly con-
nected)   
    OUTLET              120      242      ok (non-closed singly con-
nected)   
    INLET               263      528      ok (non-closed singly con-
nected)   
    AIRFOIL             263      526      ok (non-closed singly con-
nected)   
    frontAndBackPlanes  50760    51566    ok (non-closed singly con-
nected)   
 
Checking geometry... 
    Overall domain bounding box (-11.5 -12.5 -0.41003) (21 12.5 
0.41003) 
    Mesh (non-empty, non-wedge) directions (1 1 0) 
    Mesh (non-empty) directions (1 1 0) 
    All edges aligned with or perpendicular to non-empty directions. 
    Boundary openness (5.96085e-18 -4.2605e-18 5.93721e-20) OK. 
 ***High aspect ratio cells found, Max aspect ratio: 2762.59, number 
of cells 146 
  <<Writing 146 cells with high aspect ratio to set 
highAspectRatioCells 
    Minumum face area = 1.06689e-06. Maximum face area = 1.9273.  Face 
area magnitudes OK. 
    Min volume = 8.74916e-07. Max volume = 1.5805.  Total volume = 
611.163.  Cell volumes OK. 
    Mesh non-orthogonality Max: 22.5345 average: 7.51457 
    Non-orthogonality check OK. 
    Face pyramids OK. 
    Max skewness = 0.416674 OK. 
    Coupled point location match (average 0) OK.  
 
Mesh ok 
 
End  
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Appendix II fvSolution 
/*---------------------------*- C++ -*------------------------------*\ 
| =========                 |                                        | 
| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox  | 
|  \\    /   O peration     | Version:  2.1.1                        | 
|   \\  /    A nd           | Web:      www.OpenFOAM.org             | 
|    \\/     M anipulation  |                                        | 
\*------------------------------------------------------------------*/ 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       dictionary; 
    location    "system"; 
    object      fvSolution; 
} 
// * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * // 
solvers 
{     
    p 
    { 
        solver          GAMG; 
        tolerance       1e-08; 
        relTol          0.1; 
        smoother        GaussSeidel; 
        nPreSweeps      0; 
        nPostSweeps     2; 
        cacheAgglomeration true; 
        nCellsInCoarsestLevel 10; 
        agglomerator    faceAreaPair; 
        mergeLevels     1; 
    } 
    pFinal 
    { 
        solver          GAMG; 
        tolerance       1e-08; 
        relTol          0.1; 
        smoother        GaussSeidel; 
        nPreSweeps      0; 
        nPostSweeps     2; 
        cacheAgglomeration true; 
        nCellsInCoarsestLevel 10; 
        agglomerator    faceAreaPair; 
        mergeLevels     1; 
    } 
    U 
    { 
        solver          PBiCG; 
        preconditioner  DILU; 
        tolerance       1e-08; 
        relTol          0; 
    } 
    k 
    { 
        solver          PBiCG; 
        preconditioner  DILU; 
        tolerance       1e-08; 
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        relTol          0; 
    } 
    omega 
    { 
        solver          PBiCG; 
        preconditioner  DILU; 
        tolerance       1e-10; 
        relTol          0; 
    } 
    nuTilda 
    { 
        solver          PBiCG; 
        preconditioner  DILU; 
        tolerance       1e-08; 
        relTol          0; 
    } 
} 
PISO 
{ 
    nCorrectors     2; 
    nNonOrthogonalCorrectors 1; 
    momentumPredictor yes; 
    pRefCell 0; 
    pRefValue 0; 
} 
relaxationFactors 
{ 
    fields 
    { 
    p   0.4; 
    } 
    equations 
    { 
        U               0.6; 
        k               0.7; 
        omega           0.7; 
    } 
} 
// **************************************************************** // 
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Appendix III fvSchemes 
/*--------------------------------*- C++ -*-------------------------*\ 
| =========                 |                                        | 
| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox  | 
|  \\    /   O peration     | Version:  2.1.1                        | 
|   \\  /    A nd           | Web:      www.OpenFOAM.org             | 
|    \\/     M anipulation  |                                        | 
\*------------------------------------------------------------------*/ 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       dictionary; 
    location    "system"; 
    object      fvSchemes; 
} 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *// 
ddtSchemes 
{ 
    default         steadyState; 
} 
gradSchemes 
{ 
    default         Gauss linear; 
} 
divSchemes 
{ 
    default         none; 
     
    div(phi,k)      Gauss upwind; 
    div(phi,omega)  Gauss upwind; 
    div(phi,nuTilda) Gauss linearUpwind; 
    div((nuEff*dev(T(grad(U))))) Gauss linear; 
    div(phi,U)     Gauss linearUpwind cellLimited; 
} 
laplacianSchemes 
{ 
    default         Gauss linear corrected; 
} 
interpolationSchemes 
{ 
    default         linear; 
} 
snGradSchemes 
{ 
    default         corrected; 
} 
fluxRequired 
{ 
    default         no; 
    p               ; 
} 
// **************************************************************** // 
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Appendix IV ControlDict 
/*--------------------------------*- C++ -*-------------------------*\ 
| =========                 |                                        | 
| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox  | 
|  \\    /   O peration     | Version:  2.1.1                        | 
|   \\  /    A nd           | Web:      www.OpenFOAM.org             | 
|    \\/     M anipulation  |                                        | 
\*------------------------------------------------------------------*/ 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       dictionary; 
    location    "system"; 
    object      controlDict; 
} 
// * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * // 
 
application     pisoFoam; 
 
startFrom       startTime; 
 
startTime       0; 
 
stopAt          endTime; 
 
endTime         0.1; 
 
deltaT          1e-04; 
 
writeControl    timeStep; 
 
writeInterval   100; 
 
purgeWrite      0; 
 
writeFormat     ascii; 
 
writePrecision  6; 
 
writeCompression off; 
 
timeFormat      general; 
 
timePrecision   6; 
 
runTimeModifiable true; 
 
functions 
{ 
forces 
{ 
type forces; 
pName p; 
UName U; 
functionObjectLibs ("libforces.so"); //Lib to load 
 -70- 
patches (CRVS); // change to your patch name 
rhoName rhoInf; 
rhoInf 1.225; //Reference density for fluid 
CofR (0 0 0); //Origin for moment calculations 
log true; 
outputControl   timeStep; 
outputInterval  1; 
} 
forceCoeffs 
{ 
// rhoInf - reference density 
// CofR - Centre of rotation 
// dragDir - Direction of drag coefficient 
// liftDir - Direction of lift coefficient 
// pitchAxis - Pitching moment axis 
// magUinf - free stream velocity magnitude 
// lRef - reference length 
// Aref - reference area 
type forceCoeffs; 
pName p; 
UName U; 
functionObjectLibs ("libforces.so"); 
patches (CRVS); 
rhoName rhoInf; 
rhoInf 1.225; 
CofR (0 0 0); 
liftDir (0.125333 0.9921147 0); 
dragDir (0.9921147 0.125333 0); 
pitchAxis (0 0 1); 
magUInf 60; 
lRef 1; 
Aref 1; 
log true; 
outputControl   timeStep; 
outputInterval  1; 
 
} 
} 
 
// **************************************************************** // 
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Lift and drag coefficient dependency on the angle of attack 
  
Figure V - 1 S816 Cl-AoA Re=3 x106  Figure V - 2 S816 Cd-AoA Re=3 x106 
 
Figure V - 3 S816 Cl-AoA Re=3,5 x106       Figure V-4 S816 Cd-AoA Re=3,5 x106 
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Figure V - 5 S816 Cl-AoA Re=4 x106  Figure V - 6 S816 Cd-AoA Re=4 x106 
  
Figure V - 7 S816 Cl-AoA Re=4,5 x106   Figure V - 8 S816 Cd-AoA Re=4,5 
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Figure V - 9S816 Cl-AoA Re=5 x106  Figure V - 10 S816 Cd-AoA Re=5 x106 
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Figure V- 1 S816 Cl-Re α=-4     Figure V- 2S816 Cd- Re α=-4 
 
Figure V- 3 S816 Cl-Re α=0      Figure V- 4S816 Cd- Re α=0 
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Figure V- 5 S816 Cl-Re α=4       Figure V- 6 S816 Cd- Re α=4 
  
Figure V- 7 S816 Cl-Re α=8      Figure V- 8 S816 Cd- Re α=8 
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Pressure coefficient 
 
Figure V- 9 S816 AoA -4 Re 2,5x106 
 
Figure V- 10 S816 AoA 0 Re 2,5x106 
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Figure V- 11 S816 AoA 4 Re 2,5x106 
 
Figure V- 12 S816 AoA 8 Re 2,5x106 
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Lift and drag coefficient dependency on the angle of attack 
 
Figure VI -  1S817 Cl-AoA Re=2x106  Figure VI -  2 S817 Cd-AoA Re=2 x106 
 
Figure VI -  3 S817 Cl-AoA Re=2,5 x106  Figure VI -  4 S817 Cd-AoA Re=2,5 x106 
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Figure VI -  5 S817 Cl-AoA Re=3 x106       Figure VI -  6 S817 Cd-AoA Re=3 x106 
 
Figure VI -  7 S817 Cl-AoA Re=3,5 x106  Figure VI -  8 S817 Cd-AoA Re=3,5 x106 
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Figure VI -  9 S817 Cl-AoA Re=4 x106   Figure VI -10 S817 Cd-AoA Re=4x106 
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Figure VI -  11 S817 Cl-Re α=-4     Figure VI -  12 S817 Cd- Re α=-4 
  
Figure VI -  13 S817 Cl-Re α=0      Figure VI -  14 S817 Cd- Re α=0 
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Figure VI -  15 S817 Cl-Re α=4    Figure VI -  16 S817 Cd- Re α=4 
 
Figure VI -  17 S817 Cl-Re α=8    Figure VI -  18 S817 Cd- Re α=8 
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Pressure coefficient 
 
Figure VI -  19 S817 AoA -4 Re 2,5x106 
 
Figure VI -  20 S817 AoA 0 Re 2,5x106 
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Figure VI -  21 S817 AoA 4 Re 2,5x106 
 
Figure VI -  22 S817 AoA 8 Re 2,5x106 
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